Luminescent solar concentrators (LSCs) rely on the absorption of solar light by highly luminescent materials embedded in glass or plastic substrates ([Figure 1](#f1){ref-type="fig"}). Subsequent waveguiding of emission to the thin edges of the substrate concentrates the luminescence which can, in principle, be used to improve the output of photovoltaic devices. The simple device configuration of LSCs means photovoltaics can be integrated into urban environments, such as windows and walls, at low cost[@b1]. Currently, factors limiting LSC efficiency include reduced fluorescence quantum yield in the solid state arising from dye aggregation[@b2], reabsorption of dye emission (*i.e.* due to a small Stokes shift), and limited trapping efficiencies for conventional glass or plastic waveguides. Commercial laser dyes such as rhodamines, coumarins, and perylenes - first-generation dyes - have been used for LSCs. A common feature of such dyes is their highly planar conjugated structure, which is conducive to the formation of non-emissive aggregates particularly at the high concentration required for total light absorption. Consequently, the fluorescence quantum yield of these dyes in the solid state can be lower than that measured in solution. Dilute concentrations of the chromophores can be used but at the cost of lower light absorption. These dyes also have significant overlap between their absorption and emission spectrum resulting in re-absorption losses[@b2]. Second-generation dyes based on quantum dots or semiconductor nanorods[@b3][@b4], inorganic phosphors[@b5], and chromophores in light-emitting diodes[@b6] are promising materials for LSCs due to their large Stokes shifts which result in lower reabsorption but they generally exhibit reduced fluorescence quantum yields compared to first-generation dyes. These materials also suffer from concentration quenching effects, which limit the concentration of the dyes that can be used to achieve high film absorption. Other LSC losses arising from limited trapping efficiencies can be addressed by using higher refractive index materials, wavelength-selective mirrors, or homeotropically aligned molecules on the waveguide[@b1].

Recent molecules designed to address the aggregate fluorescence quenching and reabsorption issues simultaneously have only been partially successful, *i.e.* while energy transfer in multichromophoric dendrimers can increase the Stokes shift, the fluorescence quantum yields of these chromophores in the solid-state are low[@b7][@b8]. In addition, these chromophores are often macromolecules that require multi-step synthesis which are not ideal for industrial scale-up. Baldo and co-workers have demonstrated that energy transfer strategies in non-covalent chromophore mixtures are also effective in increasing the Stokes shift and reducing the effects of concentration quenching by low-concentration doping in hosts similar to organic light-emitting diodes[@b6][@b9]. Molecules that meet all requirements -- lossless solid-state fluorescence, negligible re-absorption, and low synthetic cost -- remain a key objective to improve LSC performance.

Fluorophores that exhibit aggregation induced emission have been used in biological applications[@b10] and light emitting devices[@b11]. A characteristic of this class of fluorophores is emission that is greatly enhanced in the solid state compared to solution. This fluorescence behavior is widely referred to as aggregation induced emission (AIE)[@b12]. Enhancement of chromophore emission is not limited to aggregation in thin-films but also when dispersed in a polymer matrix or in frozen solution. It has been proposed that these conditions reduce non-radiative decay pathways arising from intramolecular rotation and channel the excitation energy towards fluorescence[@b13].

Ray-tracing calculations have been successful in predicting the performance of LSCs and are particularly useful in understanding the optical losses that limit LSC performance[@b2][@b14][@b15][@b16]. Hence, ray-tracing models can be used as a screening method for potential chromophores for LSCs by using the spectroscopic properties of the chromophores as inputs for the model, *i.e.* extinction coefficient in solution; fluorescence spectra and quantum yield in the solid-state. In this letter, we disclose the use of a class of fluorophores that combine the three desirable properties mentioned previously in a LSC configuration using both modelling and experimental approaches. The use of AIE fluorophores mitigates reabsorption and solid-state quenching. To our knowledge this is the first demonstration of the application of AIE fluorophores for solar harvesting in a LSC configuration.

Discussion
==========

A monolithic LSC was fabricated by drop casting 10% w/w of tetraphenylethene **1** (for structure see [Figure 2a](#f2){ref-type="fig"}) in PMMA (the casting solution is 1% w/w total solids in chloroform) onto the surface of 10 mm × 10 mm × 1 mm glass substrates (geometric ratio G = 2.5). The size of the representative LSC is kept at such dimensions to fit the integrating sphere sample holder (Horiba Jobin Yvon integrating sphere accessory). The thickness of the PMMA film was measured using a stylus profilometer (Dektak 150 Stylus Profiler, Veeco USA) and was found to be 116 nm. The chromophore concentration was limited to 10% w/w as higher concentrations led to inhomogeneous film quality. The LSC geometry is illustrated in [Figure 1b](#f1){ref-type="fig"}. The excitation and emission spectra as well as the edge and face emission spectral profiles of the LSC are shown in [Figures 2a and 2b](#f2){ref-type="fig"}, respectively. For both the modelling and experiment, the wavelength of maximum absorbance was used as the excitation wavelength (315 nm). The absolute fluorescence quantum yield of the films was measured to be 0.4 using methods described previously[@b2]. The validity of the ray-tracing model to adequately describe the geometric optics of the LSC was verified by comparing the simulated and experimental light trapping efficiencies ([Figure 2c](#f2){ref-type="fig"}).

We measured the optical edge efficiency (η~edge~) of the LSC defined as the ratio of the number of fluorescence photons that are waveguided to the edges relative to the number of the incident photons. Edge emissions were differentiated from face emissions using a black matte paint to mask edge emissions and reduce edge reflections. Optical edge efficiency takes into account the photophysical properties of the fluorophores in the LSC -- quantum yield, absorption efficiency, Stokes shift, and re-absorption -- in addition to the light trapping efficiency ([Table 1](#t1){ref-type="table"})[@b6]. The η~edge~ of the LSC with tetraphenylethene in PMMA on a 10 mm × 10 mm × 1 mm glass plate measured in an integrating sphere (both with G = 2.5) were found to be 13.2%, which is close to the predicted value of 13.4% by simulation with the same geometric ratio and zero reabsorption loss. Ideally, an LSC should absorb most of the incident light to be efficient in the downconversion process. The LSC based on **1** in PMMA does not totally absorb the incident light, which limits the achievable efficiency of the LSC.

We further explored potential strategies to improve the performance of the LSC based on **1** using ray-trace modelling. The predicted η~edge~ efficiency at G = 50 (assuming the same polymer film thickness, substrate thickness, and absorbance) is 13.7% with a negligible 0.2% reabsorption loss. Increasing the absorbance at G = 50 to a value of 2, the model predicts a modest increase in η~edge~ to 25.1% with a predicted 0.2% reabsorption loss. In practice increasing the tetraphenylethene concentration to higher concentrations is limited due to increased light scattering losses, likely due to the formation of organic aggregates and microcrystals[@b17]. The η~edge~ of the highest geometric ratio (G = 250) that can be calculated within reasonable computational cost (same film thickness, LSC thickness, and absorbance of 2.0) is 26.7% with a reabsorption loss of 0.3%. The extinction coefficient (ppm^−1^ cm^−1^) of **1** in the spectral region that overlaps with the emission spectrum is of the order of 10^−5^, consistent with the very low reabsorption losses.

While tetraphenylethene shows promising results in a LSC configuration, particularly in harvesting photons in the UV range, the emission range is not ideal for LSCs that are coupled with high efficiency silicon or GaAs photovoltaic cells. Extending the π-conjugation of the molecule should shift the absorption and emission to longer wavelengths but this could have adverse effects on its AIE behaviour[@b18][@b19]. For example extending the aromatic core might enhance intermolecular π-π interactions, forming non-emissive J-aggregates and resulting in quenching of the fluorescence. Hence, contorted aromatic fluorophores **2** to **4** ([Figure 3](#f3){ref-type="fig"}) and fully substituted butadiene **5** were chosen as chromophores to extend the spectral absorption compared to tetraphenylethene. Synthetic procedures, absorption and emission spectra, and other spectroscopic information to verify that these compounds are AIE fluorophores are summarized in the [Supporting Information](#s1){ref-type="supplementary-material"}. The crystal structures of chromophores **2** and **4** confirmed the contorted molecular structure ([Figure 4](#f4){ref-type="fig"}). It was observed that chromophore **2** without the *tert*-butyl groups formed needle shaped crystals that exhibited self-waveguiding of the emission to the crystal end faces under UV lamp irradiation ([Figure 4c](#f4){ref-type="fig"}). This phenomenon might potentially be beneficial in luminescent solar concentrators based on crystalline microrods of these materials although this was not investigated further here.

The emission quantum yields for compounds **2** to **5** were measured as pristine films to verify that the compounds behave the same way as typical AIE compounds, i.e. fluorescent in the solid state. We have also investigated the AIE behavior of the compounds dissolved in glass-forming solvents at cryogenic temperatures, such as 2-methyl tetrahydrofuran, and have found fluorescence behavior consistent with AIE compounds (see [Figure S19](#s1){ref-type="supplementary-material"}). The pristine thin-film emission quantum yields of the fluorophores decrease with increasing number of the polyaromatic rings (**2**--**4**) albeit their structures are contorted and no evidence of π-π interactions was apparent. The decreased fluorescence yields may be due to increased voids in the crystal lattice associated with the larger molecules, which would allow more mobility of the phenyl rings and favor non-radiative decay. Extending the alkene length to butadiene (**5**), however, gave an AIE fluorophore with a quantum yield of 31% in the solid-state that is still lower compared to **1**. The increase in absorption range in **2** and **4** is minimal which suggests that there is very little or no effective conjugation that extended through the contorted aromatic rings. The large increase in absorption range for **3** relative to **1** is possibly due to the increase in the number of "ethene" bonds rather than an increase in the number of aromatic rings, which is also evident for **5**. The quantum yield of the fluorophores in solution cannot be measured reliably due to the very weak fluorescence from solutions (see [Figure S19](#s1){ref-type="supplementary-material"} for room temperature spectra).

The extent of spectral overlap between the absorption and emission spectrum and Stokes shift for **5** ([Figure 2d](#f2){ref-type="fig"}) is comparable to **1** but the tail extinction coefficient that immediately overlaps with the emission spectrum is of the order of 10^−3^, two orders of magnitude higher than **1**, which would suggest reabsorption losses will be more significant. Using the spectroscopic properties of 5 as model inputs, the projected η~edge~ of **5** in PMMA for G = 50 assuming the same experimental film properties as **1** in PMMA (i.e. maximum film absorbance of 0.3, film thickness of 116 nm, and deposited on a glass substrate) is 8.0% ([Table 1](#t1){ref-type="table"}). The predicted reabsorption loss for an LSC based on **5** (G = 50) is 2.3%. Increasing the absorbance of the film of **5** to 2.0 while maintaining the same geometric ratio results an increase in η~edge~ to 15.9% and an increase in reabsorption loss to 5.2%. Further increasing the LSC dimensions to G = 100 results in a η~edge~ of 14.8% with reabsorption contribution of 6.7%. These results are consistent with the observation of Richards and co-workers that tail absorption is important in understanding reabsorption losses in LSCs[@b20]. The absorption spectra of thin-films must be carefully determined as the quality of the inputs in the ray-tracing model is critical in simulating LSC systems. As an example, the LSC described here could be used to improve the spectral sensitivity of a CdTe solar cell that has low absorption in the wavelength region where the LSC absorbs but is able to efficiently absorb the concentrated luminescence[@b21]. Chromophores used in LSCs with emission wavelengths similar to the system here have been used for multicrystalline silicon solar cells[@b22].

In summary, we have provided a proof-of-principle assessment of the merits of AIE fluorophores as potential emitters for LSCs using an established AIE fluorophore tetraphenylethene **1** as a baseline for the design of AIE fluorophores. Our results demonstrate that their unusually large Stokes shift leads to small reabsorption losses in large LSC dimensions. Losses due to concentration quenching are absent within this class of materials regardless of whether they are dispersed in polymer hosts or deposited as pristine films. We have also explored some design strategies to increase the absorption range of AIE molecules. While contorted polyaromatic rings may help prevent formation of non-emissive aggregates, their contribution towards extending the conjugation of an ethene core is less effective. Using heterocyclic rings might help extend the absorption and emission spectral range of these AIE molecules and studies towards this objective are in progress.

Methods
=======

Characterization data and spectroscopic properties not shown can be found in the [Supporting Information](#s1){ref-type="supplementary-material"}. All films were fabricated by the drop-casting method using a 1% w/w (total solids; 10% w/w of AIE material relative to PMMA) solution. The films were allowed to dry in room temperature for 24 hours before measurement. Emission quantum yields of all the chromophores were measured according to published procedures detailed elsewhere[@b23]. Photoluminescence of the chromophores for quantum yield measurements, optical edge efficiency, and light trapping efficiency were recorded using an integrating sphere accessory attached to a Horiba Jobin-Yvon FluoroLog-3. The spectra of all chromophores were corrected for detector response and background. Due to the sample holder configuration of the equipment, substrates used for measurement were limited to 10 mm × 10 mm × 1 mm dimensions. Quartz substrates were used for quantum yield measurements while glass was used in the optical edge efficiency measurement to match the refractive index of PMMA. Due to the small area of the quartz substrate for quantum yield measurement, films with thicknesses of the order of several 100 nm were required to produce homogenous films. All the films were directly excited and secondary excitations, i.e. transmitted light after incidence with the film that is absorbed again by the film after reflections in the integrating sphere, were accounted for as described previously[@b23]. Films for measuring the extinction coefficient were fabricated on a 25 mm × 25 mm × 1 mm quartz substrate. The reflectivity of the films, measured using an integrating sphere accessory attached to a UV/Vis spectrophotometer (Thermo Scientific Evolution 220 UV-Visible), was 2.5--3.0% from 250 nm to 750 nm for both **1** and **5** in PMMA. Film absorption for the ray-tracing model was then measured using a Cary 50 UV/Vis spectrophotometer, which was zero and blank corrected prior to measurement. Film thicknesses were measured using surface profilometry (Dektak 150 Stylus Profiler, Veeco USA) for the small LSCs and thin-film extinction measurements. The thickness of the films was adjusted to achieve an absorbance of 1.5 at 315 nm and 307 nm for **1** and **5**, respectively. Average film thicknesses for the thin-film extinction measurements (mean ± sd; n = 3) for **1** and **5** in PMMA were 4900 ± 200 nm and 4200 ± 50 nm, respectively. Each measurement *n* was measured at different positions: middle, edge, and corner. Optical quantum efficiencies were measured with an integrating sphere as described by Baldo and co-workers[@b24]. The face and edge emissions were differentiated by blocking the edges with black matte paint (Abs \~10 from 300 nm--750 nm).

Projected values for light trapping efficiency and optical quantum efficiency were calculated using Monte Carlo ray tracing written in MATLAB developed previously[@b2]. Total input photon events are 100,000 in all cases. It should be noted that it is assumed that the emission of the chromophores is isotropic. Refractive indices used for the PMMA film and the glass waveguide were 1.49 and 1.53 respectively. A schematic diagram of the photon events in the ray-tracing model can be found in the [Supporting Information](#s1){ref-type="supplementary-material"}.
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![Conventional structures for LSC applications: (a) millimeter-thick (x) waveguides (typically polymer matrices) infused with fluorescent dyes and (b) micron-thick thin layer matrices (y) cast on top of a waveguide (typically glass).\
In this study, structure (b) is used with a neat film layer. (n = refractive index).](srep04635-f1){#f1}

![(a) Extinction coefficient spectrum and normalized emission spectrum of **1** dispersed in PMMA as a thin-film. These spectra were used in the ray-tracing model. (b) Total, edge, and face emission spectra of the LSC. The edge and face emissions were resolved by blocking the edges of the LSC with a black matte paint with 0% transmission to minimize edge reflection. (c) Comparison of simulated and experimental light trapping efficiencies. Edge reflections were taken into account in the ray-tracing model. Light trapping efficiency (λ) = \[*I~total~*(*λ*)−*I~face~*(*λ*)\]/∫*I~total~*(*λ*)*dλ*, where I~total~(λ) is the emission intensity of the whole LSC and I~face~(λ) is the emission intensity when the edges of the LSC are blocked. Edges are blocked with black matte paint. Experimental total light trapping efficiency is 62.5% compared with simulated total light trapping efficiency of 65.2% (d) Thin-film absorption spectrum (in ppm^−1^ cm^−1^ units) and emission spectrum of **5** dispersed in PMMA on a 10 mm × 10 mm × 1 mm quartz substrate.](srep04635-f2){#f2}

![Structures of contorted and twisted polyaromatic hydrocarbons studied in this paper.](srep04635-f3){#f3}

![Crystal structures of compounds not previously reported -- (a) Chromophore 2, (b) Chromophore 4, and (c) Crystal structure of chromophore 2 without *^t^*Butyl groups and a photograph of crystals under UV light showing self-waveguiding of the luminescence.](srep04635-f4){#f4}

###### Spectroscopic properties and performance characteristics in a LSC of chromophores **1**--**5**

  Chromophore    Solution absorption coefficient at λ~max~[\[a\]](#t1-fn1){ref-type="fn"} (x 10^4^ M^−1^ cm^−1^)   Thin film absorption λ~max~[\[b\]](#t1-fn2){ref-type="fn"} (nm)   Thin film fluorescence λ~max~[\[c\]](#t1-fn3){ref-type="fn"} (nm)   Quantum yield[\[d\]](#t1-fn4){ref-type="fn"}   Stokes shift (eV)[\[e\]](#t1-fn5){ref-type="fn"}   Experimental η~edge~ at *G* = 2.5[\[f\]](#t1-fn6){ref-type="fn"}   Projected η~edge~ at *G* = 50[\[g\]](#t1-fn7){ref-type="fn"}
  ------------- ------------------------------------------------------------------------------------------------- ----------------------------------------------------------------- ------------------------------------------------------------------- ---------------------------------------------- -------------------------------------------------- ------------------------------------------------------------------ --------------------------------------------------------------
  1                                                           1.03                                                                               315                                                                449                                                 49.5% (40.8%)                                         1.11                                                  13.2% (13.4%)                                                        13.7%
  2                                                           1.90                                                                               314                                                                493                                                      9.9%                                             1.43                                                        \-                                                               \-
  3                                                           2.65                                                                               348                                                                502                                                      9.2%                                             1.09                                                        \-                                                               \-
  4                                                           6.42                                                                               301                                                                455                                                      4.1%                                             1.39                                                        \-                                                               \-
  5                                                           1.55                                                                               307                                                                405                                                     31.2%                                             0.98                                                        \-                                                              8.0%

^\[a\]^Extinction coefficient measured in solution using dichloromethane as solvent. Absorption maxima described here are the nearest maximum peak in the absorption spectra to the solar spectrum threshold in the UV region (\~300 nm).

^\[b\]^Absorption maxima of pristine thin-film on quartz substrate (25 mm × 25 mm × 1 mm).

^\[c\]^Emission maxima of pristine thin-film measured in the integrating sphere on quartz substrate (10 mm × 10 mm × 1 mm).

^\[d\]^Quantum yields of pristine thin-films measured using an integrating sphere on quartz substrates (10 mm × 10 mm × 1 mm). All samples were excited at 320 nm. Value in parenthesis is the quantum yield of 1 dispersed in PMMA on quartz.

^\[e\]^Spectral difference (in eV) between lowest energy absorption and emission maxima.

^\[f\]^Experimental optical edge efficiency (η~edge~) at 320 nm was determined using an integrating sphere. Absorbance at 320 nm for **1** in PMMA is 0.3 measured inside the integrating sphere. Theoretical η~edge~ values at 320 nm (in parenthesis) of the full perimeter LSC were calculated using Monte Carlo ray tracing modelling with the same dimensions as the experimental η~edge~. The theoretical η~edge~ only takes into account the photons that are trapped in the waveguide.

^\[g\]^Projected η~edge~ calculated using Monte Carlo ray tracing with 116 nm film thickness, 200 mm × 200 mm × 1 mm waveguide dimension (G = 50), and film absorbance of 0.3.
